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1. INTRODUCTION 


WHEN a polished sphere of hard steel is dropped from a height on the plane 
smooth surface of a thick slab of glass and rebounds therefrom, the impact 
results in a beautiful effect which is seen within the glass around the region 
of contact between the sphere and the slab. The phenomenon was described 
and illustrated by a set of photographs in a communication published many 
years ago under the title “‘ Percussion Figures in Isotropic Solids ” in Nature 
of the 9th October 1919. When an optical test-flat is laid on the surface 
of the glass slab over the region of impact, the nature of the permanent de- 
formations resulting from the impact is very clearly revealed by the inter- 
ference patterns seen in monochromatic light between the two surfaces. 
Photographs of these patterns were published in an article by the author on 
“The Optical Study of Percussion Figures” which appeared in the Journal 
of the Optical Society of America for April 1926. A more detailed study 
of the phenomena including especially a quantitative comparison between 
the facts of observation and the consequences of Hertz’s well-known. theory 
of impact appeared shortly afterwards in a paper by one of the author’s 
collaborators in the Indian Journal of Physics. 


It had long been the author’s intention to investigate by similar methods 
the results of the impact of a steel sphere on single crystals of various materials: 
Only recently however did it become possible for this programme to be taken 
up and the present communication reports the results. The materials in- 
vestigated were quartz, calcite, barytes, and felspar, and to make the study 
more complete, a few polycrystalline solids found in nature were also investi- 
gated. Photographs of the percussion figures obtained in the various cases 
are reproduced with the paper. The cases studied most fully are those of 
quartz and calcite. The results obtained with quartz are illustrated by 
Figs. 1 to 6 in Plate XXV and Figs. 1 to6in Plate XXVI: Plates XXVII, 
XXVIII and XXIX illustrate the results obtained with the other solids. 


2.. PERCUSSION FIGURES IN GLASS 


_ Three photographs reproduced respectively as Figs. 1, 2-and 3-in 
Plate XXVII- exhibit the results of the impact of a steel sphere on the surface 
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of a thick glass plate. Simple inspection reveals that the external surface of 
the slab remains uninjured by the impact except along a ring or annulus 
with a sharply defined inner boundary. Within the annulus is a clear circu- 
lar area which evidently represents the region where the sphere and plate 
come into contact during the impact. From the ring or annulus a fracture 
spreads obliquely inwards within the glass in the form of a surface of revolu- 
tion. Fig. 1 in the Plate is a lateral view of the fracture seen through the 
edge of the plate; its mirror-image as seen by internal reflection at the sur- 
face of the plate also appears in the photograph. Interference rings are exhi- 
bited by the fracture both by reflected and by transmitted light; their confi- 
guration indicates that the separation between the two faces of the fracture 
is a maximum at the surface of the plate and diminishes progressively to zero 
at its termination in the interior (Fig. 2). The interference pattern which is 
observed when a test-plate is laid on the surface is reproduced as Fig. 3. It 
shows the area of the percussion figure to consist of three distinct regions: 
(a) a circular central area which remains plane and undeformed, but exhibits 
a small permanent lowering of its level; (6) an annular region of fracture 
showing severe injury and (c) a sudden elevation of the surrounding area 
which slopes gradually down to the general level of the surface at the outer 
margin of the percussion figure; the last-mentioned feature is clearly a conse- 
quence of the internal fracture. 


While the above is a general description, there are also other subsidiary 
features deserving of mention. When the circumstances of the impact are 
such that the pressure exerted by the sphere on the plate just suffices to pro- 
duce a fracture, the circular ring-crack is sharp and well defined. On the 
other hand, when the velocity of the impinging sphere in relation to its size 
exceeds the minimum needed to cause a fracture, we have instead of a single 
circular crack, several cracks forming an annulus, the external diameter of 
which corresponds to the maximum area of contact, while the inner diameter 
is noticeably smaller. Subsidiary cracks also spread out in various direc- 
tions along the surface of fracture interrupting its smooth continuity. Several 
of these can be seen in Fig. 2 in Plate XXVII. 


3. PERCUSSION FIGURES IN POLYCRYSTALLINE SOLIDS 


Several naturally occurring solids are known which are polycrystalline 
in texture and which by reason of their mechanical strength find useful applica- 
tions as building materials. Marble is one of the best known of them. It 
is however rather coarsely crystalline in its texture. Of greater interest from 
our present point of view is a material which may be described as a fine- 
grained limestone exhibiting varied colours and of which enormous quanti- 
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ties are quarried in Southern India for use as flooring tiles. According to 
the locality of its origin, the material is variously known as Cuddappah stone, 
Shahabad stone, Tandur stone, etc. It is easily split into slabs of the desired 
thickness and the surface of the slabs can be worked to any desired degree 
of perfection. Indeed, it can be polished so perfectly as to give regular inter- 
ference fringes when a test-flat is laid on it. 


Figs. 4, 5 and 6 in Plate XXVII show the highly characteristic features 
of the percussion figures shown by the Tandur stones. Simple inspection 
by reflected light reveals a spherical dimple covering the area of contact 
between the sphere and the slab. A closer examination reveals a concentric 
set of sharply defined circular cracks lying on the slopes of the depression. 
One also observes a set of radial cracks spreading outwards from the edge 
of the cup-shaped depression. These features can be recognized in Fig. 4 
of the Plate. The interference patterns observed with a test-plate are of a 
totally different nature within the area of the depression and in the region 
outside it. They form a set of closely spaced circular rings within the de- 
pression (Fig. 6), while in the outer area they form a roughly hexagonal 
pattern the edges of which evidently correspond to the radial cracks spreading 
outwards (Fig. 5 in the Plate). 


A polished surface of marble shows very clearly the shallow depression 
produced by the impact of a steel sphere. Simultaneously also, the impact 
results in a visible breaking up of the texture of the marble, so much so that 
the entire area affected by it acquires a frosted appearance. We do not, 
however, observe either the circular or the radial cracks which are so con- 
spicuous a feature in the case of the Tandur stones. The depressions in 
marble can also be made visible by laying a test-plate on the surface. This 
is shown in Figs. 3 and 4 in Plate XXVIII which refer to two different samples 
of marble. 


Broadly speaking, it may be said that coarsely grained solids exhibit 
effects in impact which are similar to those exhibited by marble. This is 
illustrated by Figs. 5 and 6 in Plate XXIX which represent the deformations 
produced by impact as revealed by a test-plate. Fig. 5 refers to the case of 
a black limestone akin to marble, while Fig. 6 represents the percussion | 
figure in dolerite which is a hard and tough building stone capable of —— 
a high polish. 


4. PERCUSSION FIGURES IN QUARTZ 


Quartz does not exhibit any regular cleavages and shows only irregular 
fractures when broken under a hammer. In this respect it resembles glass, 


e of 
ulus 
ircu- 
plate 
ture 
/olu- 
| the 
sur- 
>xhi- 
onfi- 
>ture 
Zero 
ch is | 
. it 
ons: 
Libits 
cture 
area 
yuter 
nse- 
liary 
are 
pro- 
| the 
size 
ingle 
of 
1eter 
irec- 
yeral 
lline 
lica- 
rom 
nti- 


310 Sir C. V. RAMAN 


Prima facie therefore, we may expect quartz to exhibit percussion figures 
broadly resembling those observed with glass but differing therefrom in 
detail by reason of the fact that quartz is a crystal with anisotropic physical 
properties. These expectations are borne out by the facts. There are how. 
ever some additional features of a rather surprising and unexpected nature, 


In studying the percussion figures of crystals, it is obviously necessary 
that the surface on which the impact occurs is optically plane and has a 
specified orientation in relation to the axes of crystal symmetry. It is also 
necessary that the specimen employed is sufficiently massive in relation 
to the size of the impinging sphere. These conditions are fortunately 
attainable without much difficulty in the case of quartz. Specimens of ade- 
quate size and of reasonably good quality are obtainable which admit of being 
cut and polished in any desired direction. Three specimens of quartz were 
employed in the present investigation. One of them was a massive crystal 
weighing several kilograms. On this, a large surface about 20cm. x 10cm. 
normal to the optic axis was cut and polished. A second face of nearly the 
same size parallel to a natural prismatic face was also ground and polished. 
Though the material was not of the highest optical quality, there were regions 
abutting on the two prepared surfaces which were quite clear and transparent 
and of sufficiently great extension in relation to the size of the percussion 
figures. The results observed are therefore worthy of confidence. The 
second specimen was a slab of crystal quartz about 20cm. x 15cm. and 
5 cm. thick, the faces of which were normal to the optic axis. One of the 
faces was carefully ground and polished. The third specimen employed 
was a crystal in its natural form exhibiting six prismatic faces, besides three 
large and three small rhombohedral faces. All these were ground and 


polished to perfection. The optical quality of the material was however 
rather poor. 


Most of the detailed studies made refer to the case in which the surface 
on which the impact occurs is a basal section. Indeed, all the photographs 
reproduced in Plates XXV and XXVI refer to this situation. The reason for 
the choice made is obvious; for, since the impact in this case is along the 
optic axis of the crystal, we should expect the percussion figure to exhibit 
the maximum degree of symmetry. This expectation is borne out by the 
facts. Some visual observations were however also made for percussion 
figures on the prismatic and rhombohedral faces. 


It is instructive to compare the photographs reproduced as Figs. | to 6 
in Plate XXV and as Figs. 1 to 6 in Plate XXVI which, as already stated, 
represent the percussion figures of quartz on a surface normal to the optic 
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axis with Figs. 1 to 3 in Plate XXVII which show the percussion figures in 
glass. There are certain general similarities, but the differences are also 
striking and noteworthy. Alike in glass and in quartz, the impact results 
in the formation of cracks which commence on the surface around the margin 
of the area of contact and spread inwards into the material. But here all 
resemblance ends. The surface cracks in quartz are exceedingly fine and are 
seen under a magnifier as hair-lines clearly separated from each other, and 
there is otherwise no visible damage to the surface. The assembly of surface- 
cracks is not circular in shape but resembles a hexagon with rounded edges. 
The fracture also spreads into the interior of quartz much more steeply than 
in the case of glass. This will be evident on a comparison of Fig. 4 in 
Plate XX VI which is an attempt to photograph the percussion figure in quartz 
as seen laterally with Fig. 1 in Plate XX VII which is the corresponding figure 
for glass. The fracture-surface in the interior of quartz rarely shows any 
interference colours either by reflection or in transmission, from which it is 
clear that the two faces of fracture are very close to each other. By reason 
of its steepness, however, the fracture can cut off the transmitted light and 
then appears dark. This is clearly seen in Figs. 1, 2 and 3 of Plate XXV and 
also Fig. 3 of Plate XXVI. As light tilt of the fracture-surface in relation 
to the direction of the incident light however makes a large change in this 
respect (see Figs. 2 and 3 in Plate XXV). The fracture-surface can also 
be seen and photographed by reflected light (Figs. 1 and 2 in Plate XXVI). 


As will be evident from the photographs reproduced in the two Plates, 
the percussion figure inside quartz exhibits only trigonal symmetry, and not 
hexagonal symmetry. The photographs, however, do not adequately 
picture the actual configuration of the fracture. The shape of the latter is 
perhaps best described as resembling a three-cornered hat. In other words, 
the fracture takes the form of three ribs with three flaps separating them. 
The flaps are much more easily seen by transmitted and reflected light than 
the ribs. Another and most interesting feature is the fine structure exhibited 
by the fracture within the quartz. One observes a radial fibrous structure 
and crossing this we have also a circumferential ribbing consisting of a great 
number of concentric circles which run all the way down from the surface 
to the termination of the fracture. The circumferential ribbing is most 
clearly seen in Fig. 1 of Plate XXV and not quite so clearly in Figs. 1 and 2 
of Plate XXVI. The radial structure is very clearly manifest in the two 
latter photographs. 


As the fracture within the quartz exhibits only trigonal symmetry, the 
elevation of the surrounding surface may naturally also be expected to exhibit 
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the same symmetry. This is manifest from the interference patterns observed 
when a test-plate is laid on the surface (see Figs. 4,5 and 6 in Plate Xxy 
and Figs. 5 and 6 in Plate XXVI). The trigonal symmetry is particularly 
clear in the second of the two patterns reproduced in Fig. 6 in Plate XXY. 


It would not be profitable to attempt here any explanation or inter. 
pretation of the various features set out above. That the percussion figure 
for impact on a basal plane, in other words along the optic axis of quartz, 
exhibits only trigonal symmetry and not hexagonal symmetry is interesting, 
but not altogether surprising. For, we know that the optic axis of quartz 
is a three-fold axis and not a six-fold axis of symmetry of the structure. 


With regard to the observations which have been made of the percussion 
figures on the prismatic and rhombohedral faces, it will suffice here to remark 
that they do not exhibit the trigonal symmetry described and illustrated in 
Plates XXV and XXVI. In other respects, however, they exhibit features 
very similar to those set forth above. Each of the two cases exhibits special 
features of its own. But the observations made are not sufficiently numerous 
and trustworthy to justify a detailed description or discussion of the same. 


5. PERCUSSION FIGURES IN CALCITE 


A calcite crystal in its natural form as a rhomb with edge-lengths 
8 cm. X 6cm. X 4cm. was employed in the study. Though the material 
was not of the highest optical quality throughout its volume, a region adjacent 
to one of the larger faces (8 cm. x 6 cm.) was clear and transparent to a consi- 
derable depth. Accordingly, this particular face was ground and polished 
and utilized for the production of the percussion figures. One of the 
adjacent faces (6cm. x 4cm.) was also ground and polished so as to permit 
of the interior of the crystal being viewed through it. In view of the small 
size of the specimen, the steel sphere employed was also small, about a centi- 
metre in diameter. It had a highly polished surface and was dropped on the 
polished face of the rhomb from different heights at eight different points 
sufficiently remote from each other to ensure the absence of any mutual 
interference. 


Percussion figures are observed around each of the chosen points of 
impact. They are conspicuous when the faces of the rhomb are viewed by 
reflected light, and they can also be seen to penetrate into the crystal when 
viewed longitudinally and also when observed laterally through the adjacent 
polished face. All the eight figures exhibit a general similarity with each 
other, though their sizes are different, since they diminish with the velocity 
of impact. They are all similarly orientated on the face of the rhomb and 
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the configuration of each is symmetric about a plane normal to the face of 
the crystal which makes equal angles with its two rhombohedral edges. But 
they do not exhibit any symmetry with respect to a perpendicular plane and 
are indeed strikingly different on the two sides of it. The actual region of 
contact between the sphere and the crystal can be readily recognized by the 
fact that it appears relatively dark as seen by reflected light in comparison 
with the brilliant display of colours all round. It is also evident on a careful 
examination that it is slightly depressed in level below the original surface 
of the crystal. 


Viewed by reflected daylight, the percussion figures exhibit a complex 
pattern of interference colours and fringes. The interferences are also 
conspicuously visible in monochromatic light. A photograph of the same 
is reproduced as Fig. 1 in Plate XXVIII. When an optical test-flat is laid 
on the calcite and allowed to settle down so that it comes into close contact 
with the crystal face, the interference pattern seen differs very little indeed 
from that observed without the test-plate. This fact is evident on a com- 
parison of Fig. 1 in Plate XXVIII with Fig. 2 in the same Plate, the latter 
representing the fringes seen when the test-plate has been laid on. If there 
are any fringes between the test-plate and the crystal, they are so faint and 
broad that their superposition on the closely spaced fringes in the interior 
makes little difference to what is actually observed. 


It is well known that calcite has three planes of easy cleavage parallel 
to the three faces of the rhombohedron and that it also possesses three glide 
planes each containing one of the rhombohedral edges and equally inclined 
to the other two. An examination of the percussion figures in calcite reveals 
that the two cleavage planes intersecting the face on which the impact 
occurs play an important role in determining the results of the impact. It is 
observed that on either side of the area of contact between the sphere and the 
crystal, two cleavages making an acute angle with each other develop and 
extend outwards from the edges of that area. These cleavages are clearly 
visible on the face of the crystal, and they sharply limit the areas within which 
the fracture develops and spreads inwards into the crystal. Indeed, the 
pattern of reflected colours as seen in daylight and the interference pattern 
as seen by monochromatic light manifest themselves wholly within the limits 
set by these two cleavages. These features can be clearly recognized in 
Fig. 1 of Plate XXVIII. A further and most interesting feature is the appear- 
ance of a whole series of parallel lines outside the region of contact and 
only one side of it and which extend over a considerable area of the 
pattern, These lines are equally inclined to the two sets of cleavages and 


Tved 
XXV 
larly 
XV. 
iter. 
pure 
ing, 
artz 
ion 
lark 
lin | 
ures 
cial 
‘ous 
rial 
ent 
nsi- 
hed 
the | 
mit 
nti- 
the 
nts | 
Jal 
of 
by 
en 
nt 
ch 
ty 
ad 


314 Sm C. V. RAMAN 


cut across the curved interference bands exhibited by the fracture. We 
may explain them as due to glides occurring in the crystal along the direction 
of the third rhombohedral edge. The direction of the glide deviates greatly 
from the normal to the crystal face on which the impact occurs and hence also 
from the direction of impact. This may explain why the fracture-surface 


within the crystal extends much more in the forward direction than in the 
backward. 


6. PERCUSSION FIGURES IN BARYTES 


The specimen of barytes employed was translucent with a faint bluish 
tinge. Its original shape as a crystal was that of a parallelopiped, four of 
whose faces were nearly rectangular, while the other two deviated sensibly from 
that shape. An artificial face of larger dimensions was obtained by cutting 
through the specimen in a direction making 45° with the rectangular faces; 
it was then ground and finely polished. In view of the small size of the speci- 
men, the steel ball used had also to be quite small, only about 6 mm. in 
diameter. It was dropped from various heights and the percussion figures 
thus obtained were critically examined. 


The effects produced by the impact may be summed up as follows, 
Firstly, we have a visible dimple or depression left on the surface. There is 
also a general disturbance of the level of the crystal face around the point 
of impact, and this is not spherically symmetrical around the region of im- 
pact. We have also noteworthy changes in the interior of the crystal which 
result in a brilliant reflection appearing in certain directions, while it appears 
dark in other directions. This effect varies greatly with the direction of 
illumination and the direction of observation, some areas appearing dark 
in certain circumstances and others bright and vice versa. A remarkable 
lack of symmetry is exhibited by the effect. Merely turning round the speci- 
men through 180° under oblique illumination and normal observation results 
in all the areas which appear dark becoming bright and vice versa. 


The internal reflections exhibited by one of the patterns is reproduced 
as Fig. 5 in Plate XXVIII. As both the illumination and the observation 
were normal, the special features mentioned above are not exhibited. 
Seen under oblique illumination, the figure resembles a butterfly with out- 
stretched wings and tail, the head being bright and the tail and wings dark 
or vice versa. The changes in the interior—presumably in the nature of 
fractures—are accompanied by changes in the exertnal level of the surface. 
These latter are revealed by the interference fringes observed when a test- 
plate is put on the specimen, This is illustrated by Fig. 6 in Plate XXVIII. 
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This has the same orientation as Fig. 5, the latter being the figure as seen by 
reflected light. 


7. THE PERCUSSION FIGURES IN FELSPAR 


Specimens of felspar of large size are readily available exhibiting the 
natural faces of the crystal. These faces can be ground and polished so as 
to be optically plane. Thus, felspar lends itself readily to an exact study 
of the results of impact.on crystal surfaces of known orientation. Unfortu- 
nately, however, it is not easy to obtain crystals of any appreciable size which 
are optically clear. The observations have accordingly to be confined to 
those features resulting from impact which are externally observable. This 
makes it rather difficult to make any detailed analysis of the results of impact 
in terms of crystal structure and orientation. 


A highly characteristic effect exhibited by felspar and produced by the 
impact of a steel sphere on a natural crystal face is illustrated in Fig. 1 in 
Plate XXIX. Viewed by oblique illumination, the area of contact appears 
as a dark crescent surrounded by a bright crescent beyond it. Careful exami- 
nation shows that the bright crescent is an internal reflection. Merely 
turning round the specimen through 180° causes the reflection to disappear. 
The reflection presumably arises from a fracture in the interior of the felspar 
produced by the impact. This naturally also results in an elevation of the 
surface and this is revealed by placing a test-plate on the surface. We then 
observe an asymmetric distribution of interference rings around the region 
of the impact. Five such patterns are seen in Figs. 2 and 3 in Plate XXIX. 
It will be noticed that the interference patterns are all similarly orientated, 
indicating that the phenomenon is definitely related to the crystal structure 
of the material. Fig. 4 is a photograph of the interference pattern exhibited 
by the percussion figure on a different natural face of a felspar crystal. 
It will be seen that it has an altogether different character from those 
reproduced in Figs. 2 and 3 in the same Plate. 


* * * * * 


The preparation of the material employed in these studies and of the 
pictures which illustrate the paper required much painstaking labour. The 
work was undertaken and successfully carried out by my research assistant 
Mr. J. Padmanabhan. 


* * * * * 
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SUMMARY 


The impact of a hard steel sphere on the optically polished surface of 
a solid results in a permanent deformation of the surface and also produces 
fractures or rearrangements in the interior of the solid. These have been 
studied with crystals of quartz, calcite, barytes and felspar and also with a 
few polycrystalline solids. The results of the study show clearly that the 
nature of the percussion figure exhibited by a solid is a characteristic pro- 
perty of the material and is related to its inner structure and symmetry. The 
paper is illustrated by a series of photographs. 
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2, 3 in Glass and Figs. 4, 5, 6 in Polycrystalline Limestone. 
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Figs. 5 and 6 in Barytes. 
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Figs. 1, 2. 3, 4 in Felspar; Fig. 5, Hard Limestone; Fig. 6, Dolerite. 
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STUDIES ON HEXACHLOROCERIC ACID 
V.* Stability, Spectral Characteristics and Electrical Conductance 
By S. S. MoosaTH § AND M. R. A. Rao, F.A.Sc. 


(Department of General Chemistry, Indian Institute of Science. Bangaicre-3) 
Received September 17, 1958 


Suitable conditions for preserving hexachloroceric acid crystals 
without decomposition have been found out from stability studies under 
various conditions. From studies on spectral characteristics and elec- 
trical conductivity in dioxan and methyl alcohol solutions, a mode of 
dissociation has been postulated. 


It has been shown by the authors!:? that hexachloroceric acid could be 
prepared when dry hydrogen chloride diluted with nitrogen is allowed to 
react with hy drated cericoxide (CeO,.4H,O) at — 20°C. to — 15°C. It 
was not possible to isolate the free acid in a pure state, but the acid was 
crystallised out in dioxan solution and these acid crystals had the compo- 
sition (H,CeCl4C,H,O,) with 4 molecules of dioxan of crystallisation. 
Several difficulties were encountered in handling the acid crystals during 


the course of isolation, purification and analysis. Results of investigations 
of some of the salient properties of these acid crystals are presented in 
this paper. 

Results obtained from the decomposition studies clearly explain the 
difficulties in handling and keeping the crystals. About 40% decomposi- 
tion takes place in 9 hours when the crystals are exposed under dry con- 
ditions and when the volatile products of decomposition are swept off. 
The rate of decomposition is quite high in the beginning, but falls off with 
the progress of time, the rate being only 3-4% per hour at the end of 9 hours. 
Temperature is found to have a marked effect on the stability of the substance, 
30% decomposition taking place at 40°C. in one hour. At about 70°C. 
the entire crystals appeared to melt accompanied by sudden decomposition, 
leaving a white residue of cerous chloride. Similarly, exposure to direct 
sunlight was found to decompose the crystals completely within one hour. 
The corresponding decomposition in diffused light was only 32%. 
(Table III). 


* Part IV, This Journal, 1956, 43, 272. 


§ Present address: Research Officer, Applied Chemistry Laboratory, University of Kerala, 
Trivandrum, 
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Preliminary experiments indicated that the crystals are best preserved 
under dry petroleum ether, free from reducing substances at 0°C. in the 


dark. In this way the pure hexachloroceric acid crystals can be kept for 
weeks without undergoing any change. 


The vapour pressure of the acid crystals has been measured from 0° C. 
to 30°C. Measurements beyond 30°C. could not be recorded as decom- 
position occurred. The straight line obtained by plotting 1/T against 
— log p can be represented by the equation, — log p = (2200/T) — 8-81 and 
the heat of dissociation was found to be 10-96 k.cal./mol. The heat of 
vaporisation of dioxan® is 8-96 k.cal./mol. 


The dioxan solution of the crystals showed (Fig. 2) two absorption 
maxima at 255m and 370m. The hydrogen chloride solution in dioxan 
of nearly corresponding strength was found to have the absorption maximum 
at 260. Hence it was clear that the absorption maximum at 370 was 
due to the hexachloroceric acid. The methyl alcohol solution of the acid 
crystals, however, showed only one absorption maximum at 310y. This 
value was in agreement with the reported absorption maximum for aqueous 
ceric salt solutions.*~? The shift to 310 in methyl alcohol solutions could 
therefore be attributed to ionisation of CeCl, to Ce** which might be absent 
in dioxan solution. This assumption is supported by the result obtained 
by the conductivity measurements. Dioxan solutions of the acid showed 
very poor conductivity, indicating the absence of dissociation of the com- 
pound. While the values for molecular weight of the acid crystals in dioxan 
definitely indicated dissociation, the electrical behaviour of the solution 
made it necessary to exclude the presence of any ionic species in the solution. 
It may, therefore, be assumed that in dioxan, the compound undergoes dis- 
sociation according to the equation CeCl,.2 HCl > CeCl, + 2 HCl. 


In methyl alcohol, it appears that ionic dissociation of CeCl, takes 
place probably in successive steps as CeCl,*1, CeCl,+? and CeCl*® and finally 
Ce**. The excellent agreement in absorption maximum at 310, of 
the crystals in methyl alcohol with that of dilute ceric sulphate soijution 
of low acidity where the presence of Ce** or CeSO,+? has been established, 
lend support to the above assumptions. It can also be seen that the higher 
values of specific conductivity of dilute solutions (0-025 to 0-0125 M) of 
ceric acid crystals as compared with the specific conductivity of hydrogen 
chloride of corresponding strength (Table V) suggest that the conductivity 


of the solution of the crystals in methyl alcohol is not due to the ionised 
HC! alone, 
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EXPERIMENTAL 


Materials used.—Hexachloroceric acid was prepared as described 
previously! and preserved in pure dry petroleum ether (b.p. 60°-80° C.). 
Reagent grade dioxan was further purified by the method recommended 
by Weisberger,’ refluxed with sodium, distilled and stored on sodium wire. 
C.P. grade methyl alcohol was freed from traces of acetone and aldehyde, 
refluxed with calcium and distilled, collecting only the middle fraction. 
Other reagents used were of C.P. or A.R. grade. 


1. Solubility in dioxan 


Saturated solutions of the acid crystals in dioxan were prepared in 
Pyrex bottles with air-tight stoppers at various temperatures (+ 0-05° C.). 
Samples of the solutions were then withdrawn for analysis. In the samples 
studied at 40°C. and above, a bottom layer of red liquid had formed. 
In such cases, the actual amount of the acid crystals required for saturation 
was considerably high. The weight of H,CeCl,.4 C,H,O, dissolved per 
100 gm. of solvent at different temperatures is given in Table I. 


TABLE I 
Solubility of hexachloroceric acid in dioxan 


Temperature °C. .. 10 15 20 


Solubility 
gm./100 gm. 
of the solvent .. 3-13 4:78 6:38 8-50 11-72 12-51 13-58 15-53 


2. Decomposition studies 


(a) At constant temperature and pressure——The decomposition was 
Studied at atmospheric pressure (685mm.) and 25°C. A known weight 
of the crystals was taken in a small U-tube with ground glass stoppers and 
exit tubes at either ends, one end being connected to a drying system and 
the other, to two gas washbottles containing 10% potassium iodide solution. 
The U-tube, covered with black cloth was kept in a water-bath at 25°C. 
and nitrogen was passed through the drying system and the U-tube, at a 
constant rate of 4 litres per hour. The volatile products of decomposition 
were thus swept off from the U-tube and absorbed in the postassium iodide 
solution. After every one hour, -the: potassium iodide bubblers were re- 
placed by fresh bubblers and the iodine liberated was estimated. The 
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experiment was continued for 9 hours. The amount of iodine liberated 
would be equivalent to the amount of chlorine formed during the decom- 


position of the acid crystals. The following values give the percentage 
decomposition per hour for a period of 9 hours. . 


6-4; 5-7; 4:6; 4:2; 3-9; 3-7; 3-6; 3-5 and 3-4. 
(b) Effect of temperature—The same atrangement described in the 
previous experiment was used. The U-tube containing a known weight of 


the acid crystals was kept for one hour at the desired temperature in an 


oil-bath and the chlorine liberated was estimated by the potassium iodide 
method. The results are given in Table II. 


TABLE II 
Decomposition at various temperatures 


Temperature ° C. iss 30 40 50 60 70 80 90 
% Decomposition .. 12-80 31-50 47-60 66:95 92-72 96:45 98-18 


(c) Photochemical decomposition—Known weights of the acid crystals 
were taken in transparent quartz tubes closed with corks carrying drierite 
guard tubes and were exposed to direct sunlight and diffused light for known 
periods of time. The tube and contents were then put into acidified potas- 


sium iodide solution and the liberated iodine was estimated from which the 
percentage decomposition was computed. 


TABLE III 
Photochemical decomposition of hexachloroceric acid crystals 


Time Percentage decomposition 
in 
minutes Sunlight Diffused light 


5 8-25 3-15 
10 21-60 5-36 
15 36-50 7-20 
20 52-45 9-85 
30 69-92 14-15 
40 83-85 21-10 
50 94-80 27-65 
60 


96-90 32-40 
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3. Vapour pressure of dioxan of the hexachloroceric acid crystals 


The vapour pressure of the acid crystals was measured by the static 
method at various temperatures from 0° C. to 40°C. At 40°C. the mercury 
in the manometer started getting fouled showing signs of decomposition 
of the acid. Care was taken to protect the crystals from light so as to 
prevent photochemical decomposition. The results are shown in Table IV. 


TABLE IV 
Vapour pressure of hexachloroceric acid crystals 


Temperature 
o°c.+0-1 a 5 10 15 20 25 30 40 


V.P. in mm. of Hg 5-25 8-15 10-95 15-25 20-90 26-95 39-65 63-90 


The vapour pressure data of the acid crystals when plotted with 1/T 
against — log p shows a straight line relationship (Fig. 1). The heat of 
dissociation was calculated by employing the simplified Clausius-Clapeyron 
equation. 


8 


s ss Me av 


Fic. 1. Vapour pressure curves of hexachloroceric acid crystals. 
4. Spectral characteristics 


Absorption spectra of solutions of the acid crystals in dioxan and in 
methyl alcohol were studied with a Beckmann Du photoelectric quartz 
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spectrophotometer. From preliminary experiments’ it was found that 
extremely dilute solutions (0:0009 M solution in methyl alcohol and 0-0006 
M solution in dioxan) had to be used as otherwise there would be complete 
absorption. In order to explain the differences observed in the absorption 
maxima in the two solvents, absorption spectra were taken with a 0-0012M 
HCI solution in dioxan. The results are presented in Fig. 2. 


2 0.0006 M HEXACHLOROCERIC ACID SOLUTION iN DIOXANE. 
0.0009 » 


IN METHYL ALCOHOL, 


Pereent tranamittance 


320 360 406 20 +40 rrr) 300 
Wavelength mu 
Fic. 2. Absorption spectra of 1. Solution of the acid crystals in dioxane; 
2. Solution of the acid crystals in methyl alcohol. 


5. Electrical conductance 


The conductivity of hexachloroceric acid crystals in dioxan and in 
methyl alcohol were studied at different concentrations. The measurements 
were made with a Leeds and Northrup Wheatstone bridge in conjunction 
with an oscillator and ear-phone indicator. The cells were provided with 
air-tight lids so as to protect the solution from atmospheric moisture. 
Preliminary experiments showed that solutions in dioxan were nonconduct- 
ing and that solutions in methyl alcohol were fairly conducting. A cell 
with a cell constant of 33-3 indicated more than 1,00,000 ohms resistance 
when the concentration of the ceric acid in dioxan was 0-102 M and less. 
A cell with a cell constant of 0-46 was used to measure the conductivity in 
methyl alcohol solutions, employing both ceric acid and the corresponding 
solutions of hydrogen chloride. The results are presented in Table V. 


Co 
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TABLE V 


Conductivity (mhos) at 25°C. (40-1) of solutions of hexachloroceric acid 
crystals and hydrogen chloride in methyl alcohol 


Concentration Hexachloroceric Corresponding 
hydrogen chloride 


0:2M 43-06 40-96 
0-1M 30-90 23-02 
0-05 M 22+30 13°14 
0-025 M 16-12 6-60 
0-0125 M 9-33 
0-00625 M 6-99 


The authors’ thanks are due to Prof. K. R. Krishnaswami for his keen 
interest and helpful suggestions during the course of the work. One of 
the authors (S.S.M.) is indebted to the University of Kerala for deputing 
him to the Indian Institute of Science, Bangalore. 
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ABSTRACT 


Pyridinium ceric chloride has been prepared and analysed. Its 
structure is elucidated from studies on mode of formation, spectral 
characteristics and vapour pressure data. Attempts to preparé com- 
plexes with sodium and ammonium chlorides are also presented. 


ALTHOUGH Koppel! failed in his attempt to isolate ceric chloride or hexa- 
chloroceric acid, he succeeded in isolating the pyridinium complex of hexa- 
chloroceric acid and assigned it the formula (C;H;NH),CeCl,. Koppel’s 
work was later extended by Destifano? and Caglioti.? Bradley* and co- 
workers have used this type of pyridinium salts of quadrivalent metals for 
the preparation of alkoxides of Th, Zr, Hf and Ce. They have assumed 
the general formula (C;H;NH). MCI, for the salt. But, in view of the evidence 
presented by the authorsf{ on the structure of hexachloroceric acid in methyl 
alcohol solution, the presence of cerium in the anion complex of the pyri- 
dinium salt is to be doubted. Bradley’s alkoxylation mechanism can as well 
be explained, if the pyridinium salt is assumed to be CeCl,. 2 (C;H; NH-C)), 
a molecular addition compound of ceric chloride with pyridinium 
hydrochloride, analogous to the structure CeCl,.2 HCl for hexachloroceric 
acid in methyl alcohol. This formulation of the structure of pyridinium 
salt is very well supported by the excellent agreement in the absorption 
maxima of the salt and the acid in methyl alcohol, now reported by the 
authors with the absorption maxima for ceric salts in aqueous solutions.>* 
The absorption maximum of the ceric pyridinium chloride in methyl alcohol 
is found to be at 3104. There is no absorption in this range for a solution 
of pyridinium hydrochloride in methyl alcohol. The absorption maximum 
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at 310~ is reported to be characteristic of only Ce** ions and not of 
[Ce(SO,)s}-? ion. In the same manner, the absorption at 310» is attri- 
putable to the following mode of dissociation in methyl alcohol: 


CeCl,.2 C,H,NHCI —> CeCl, + 2 C,H;NHCI. 
CeCl, Ce# + 4 Cr. 


The ionic dissociation may be stepwise and incomplete. The degree 
of dissociation and nature of the _ Species present in dilute methyl alcoho. 
solution are being investigated. 


Details of preparation and analysis of the pyridinium salt are presented*® 
Attempts are made to find if an acid salt could be prepared by mixing 
methanol solutions of hexachloroceric acid and pyridinium hydrochloride 
in different molar ratios. The products obtained were found to be the 
same in all cases. 


In all the earlier methods of preparation, a methanol solution of the 
acid, containing large quantity of dissolved hydrogen chloride, had to be 
used, as the hexachloroceric acid had not been isolated. Hence it was. not 
possible, so far, to study the mode of formation of the salt. It has now been 
established by the present investigations, at least qualitatively, that hydrogen 
chloride is displaced when pyridinium hydrochloride is added to hexa- 
chloroceric acid solution without any free hydrogen chloride. This obser- 
vation gives additional support to the ‘proposed structure of the acid and 
the corresponding preparation can :be. represented as: 


CeCl,-2 HCI + 2 C,H;NHCI => CeCl,:2 C;H;NHCI + 2 HCL. 


The fact that the acid crystals and the pyridinium salt contain one 
equivalent of active chlorine, readily liberating one equivalent of iodine 
from potassium iodide solution, is. also better explained by the above struc- 
tures, the ceric chloride getting reduced to cerous chloride. The formu- 
lation, with the cerium atom and all the six chloride atoms.in the anion 


complex, thus, fails to explain most of the properties shown by the acid and 
the pyridinium salt. 


In view of the remarkably higher values of the vapour pressure of the 
complex as compared with those of pyridinium hydrochloride (Table II) 
the composition of the vapour-phase was determined. The vapour pressure 
of the ceric complex increases from 1-75 mii. at 0° C. to 9-00 mm. at 25° C. 
while the corresponding increase with pyridinium hydrochloride is. only 
from 1-10mm. to 2:70mm. The vapour-phase has been shown to contain 
chlorine besides pyridinium hydrochloride. This is due to the slight 
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decomposition of the salt under vacuum. Attempts to prepare the sodium or 
ammonium ceric chloride were unsuccessful. There was immediate reduc- 
tion, accompanied by decolourisation and precipitation of cerous chloride. 
This could be attributed to the sodium or ammonium ion combining with 
the labile chlorine in ceric chloride before salt formation with the hydrogen 
chloride. 

EXPERIMENTAL 


Materials used.—Hexachloroceric acid was prepared by the method 


reported by the authors.® The acid crystals were preserved in petroleum 
ether. 


Pyridinium hydrochloride was prepared’® by passing dry hydrogen 
chloride gas into a solution of 50c.c. pyridine (A.R.) and 150c.c. of dry 
ether. The white precipitate of pyridinium hydrochloride was collected 
in a dry sintered funnel, washed with ether, dried in a current of dry nitro- 
gen and stored in sealed bottles. 


Other materials used were of A.R. or C.P. grade. 
1. Preparation and analysis 


Methyl alcohol solution (100c.c.) containing 4g. of hexachloroceric 
acid crystals was taken in each of the four flasks. Pyridinium hydrochloride 
solution in methyl alcohol was then added to each flask in such amounts 
that molar ratios of the acid to pyridinium hydrochloride were respectively 


TABLE I 


Analysis of pyridinium complex obtained by mixing the hexachloroceric acid 
with pyridinium hydrochloride in different molar ratios 


Molar ratio Cerium Active Total Nitrogen 
of acid to py. y 4 chlorine chloride > 
hydrochloride % y 4 


6-68 40-05 
40-94 
6-70 40-85 
6-66 40-48 


Calculated values for 27-30 6-91 41-46 5-46 
CeCl,-2 C;H;N -HCl 


6-82 
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as 2:1, 1:1, 1:2, and 1:4. The pyridinium complex that separated 
was filtered off and washed with methyl alcohol and ether. The four sam- 
ples of the pyridinium complex thus obtained were then analysed for cerium, 
active chlorine, total chloride and nitrogen. 


2. To find if hydrogen chloride is displaced during the addition of pyridinium 
hydrochloride 


50 c.c. of 0-05 M hexachloroceric acid solution in methanol and 50 c.c. 
of 0-1 M pyridinium hydrochloride solution in methanol were mixed. 
When the pyridinium complex got precipitated, dry ether was added to 
diminish the solubility of the complex and the mixture was filtered. The 
filtrate was still slightly yellowish in colour. A vigorous current of dry 
nitrogen was passed through the solution, the gas carrying the hydrogen 
chloride was passed through a standard solution of silver nitrate when 
silver chloride was produced. Quantitative estimation of the silver chloride 
did not give concordant values although the presence of hydrogen chloride 
was definitely confirmed. 


TABLE II 


Vapour pressure of ceric pyridinium chloride and of pyridinium hydrochloride 


V.P. in mm. of mercury 
+ 
Complex Py. hydrochloride 


1-75 1-10 
2-50 1-30 
3-60 1-50 
5-20 1-75 
6-90 2°10 
9-00 2-70 
14:65 3-60 

6-00 
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3. Vapour pressure measurements 


The vapour pressure of the pyridinium ceric chloride and pyridinium 
hydrochloride was determined by the static method for the temperature 
range 0° to 60°C. A liquid air-bath was used to evacuate the system. The 
tube containing the substance was maintained at known temperatures for 
2 hours before the pressure readings were taken. The pressure could not 
be measured beyond 30°C. since the complex decomposed giving chlorine 
which attacked the mercury in the manometer. 


4. Spectral characteristics 


The absorption spectrum of ceric pyridinium chloride in methyl alcohol 
was studied with a Beckmann Du quartz spectrophotometer. Very dilute 
solutions had to be used to avoid complete absorption. The absorption 
maximum was found to be at 310. A solution of pyridinium hydrochloride 
in methyl alcohol showed no absorption in this range. For comparison, 


the absorption curve for a solution of the acid crystals in methyl alcohol 
is also given (Fig. 1). 


0.00/5 M PYRIDINIUM COMPLEX SOLUTION 
0.0009 M HEYACHLOROCERIC ACID SOLUTION 


Percent transmittance 


260 280 320 380 400 420 460 460 


Wavelength mu 


Fic. 1. Absorption spectra of solution of the pyridinium complex in 
methyl alcohol. 


5. Attempts to prepare the sodium and ammonium salts 


Solutions of the acid crystals in methyl alcohol were added to equivalent 
quantities of sodium hydroxide, sodium methoxide and ammonia in methyl 
alcohol in separate vessels. There was sudden decolourisation of the acid 
solution followed by precipitation of cerous chloride. Pure, dry, solid 
sodium chloride was added in another vessel to a methanol solution of the 
acid crystals, The decolourisation was not very rapid, but on standing, a 
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white precipitate appeared, thus indicating that the corresponding sodium 
or ammonium complexes could not be prepared. This is in conformity 
with the observations of Koppel. 


The author wishes to express his thanks to Dr. M. R. A. Rao and 
Professor K. R. Krishnaswami for their keen interest in the work. 
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EPITAXIAL GROWTH OF THIN FILMS 


By K. R. Drxit, F.A.Sc. 
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Received September 1, 1958 


ALL the theories of epitaxial growth put forward so far! either assume that 
a small misfit is an essential condition for the occurrence of an oriented 
overgrowth or they are based on the concept of basal plane pseudomorphism. 
According to ‘Pashley® the present experimental evidence does not com- 
pletely support any of these assumptions. The degree of misfit, however, 
does appear to have some significance. In the light of this an attempt is 
made here to put forward a theory of oriented growth on oriented substrate, 
This theory is essentially an extension of the theory’ put forward (Dixit, 1933) 
for oriented growth on amorphous surfaces. 


Metal atoms evaporated on cleavage planes of crystals 


Dixit prepared thin films by evaporating metal atoms on flat amor- 
phous surfaces. The electron diffraction study of these films showed fibrous 
orientations, which in their turn showed a characteristic dependence on 
the temperature of the substrate. This was explained by assuming that 


the atoms in such a layer behave like a two-dimensional gas and obey an 
equation 7A = RT, 


where 
7 is the two-dimensional pressure (surface tension); 
A is the area occupied by the atom on the substrate; 
R is the gas constant 

and 


T is the absolute temperature. 


The evaporation of metal atoms on the cleavage planes of crystals, however, 
introduces a significant difference in our considerations. An amorphous 
flat surface only serves as a reasonably flat support and there is no inter- 
action between the atoms of the substrate and the deposited atoms. The 
cleavage surface not only serves as a flat support, but there will also be a 
force of attraction between the ions of the substrate and the deposited neutral 
metal atoms. (As before we shall consider the formation of the first atomic 
330 
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layer only.) The additional force of attraction, which now manifests itself 
between the ions of the substrate and the deposited neutral metal atoms, 
can be reasonably assumed to be of the polarisation or van der Waals’ type. 
This force will introduce an additional term in the equation already given, 
which will depend on the van der Waals’ energy and the area occupied by 
the atom. The equation thus becomes: 


7A + ACr* = RT 


where r is the distance between the two atoms, one of the substrate and 
the other of the deposit. 


or 
+72 + 
where 
r,; is the atomic distance for the substrate; 
r, is the atomic distance for the deposit 
and 


] is the distance between the two planes, namely, the substrate 
plane and the deposit plane. 


In the above equation if the term ACr~* is absent we get the same 
relation as before, showing orientation as a function of the temperature. 
The effect of this term is to effectively reduce the term RT on the right-hand 
side, i.e., the temperature at which any particular orientation occurs in the 
presence of the attractive force of the substrate is less than the temperature. 
at which the same orientation would occur in the absence of the attractive 
force, or the epitaxial temperature will be less than the amorphous orien- 
tation temperature. Further even here as before 

Aan < < Axio 


and therefore 
Tin < Tioo < Tuo- 


Both these conclusions appear to agree with experimental observations.’~® 
The modifying term can be written as: 


ACr-* = AC (r,? + + 


= ACr;* { misfit (misfit + 2) + 2+ ra} 
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??/r,? will be of the order of unity. Introducing A, and A, which are the 


areas occupied by the atoms in the substrate and deposit respectively, we 
get 


Ay (mi 
misfit (misfit + 2) + 1. 


Now writing 


misfit (misfit + 2) = x, 
we get 


~ A,CA,- 


or ACr-* will depend on A,-?(1 — 4/3 misfit?) if we neglect powers of x 
higher than the first. 


This indicates that the effect of the additional force of attraction can 
be expressed in terms of the area occupied by: an atom in the cleavage plane 
of the substrate or its lattice constant and orientation. In addition it depends 
on the misfit. In deriving these relations we have not made any arbitrary 
assumptions about the misfit or the extent of the misfit or about basal plane 
pseudomorphism. All the experimental observations appear to follow as 
a natural consequence of the two-dimensional behaviour of the deposited 
atoms, subjected to the polarisation forces in addition to the forces of a 
two-dimensional pressure. Most of the experimental observations on the 


epitaxial growth of evaporated metals on cleavage surfaces appear to agree 
reasonably well with this theory. 


EPITAXIAL GROWTH FROM SOLUTION 


Here we have to consider two separate cases; one when the new layer 
grows from solution on a cleavage face of a crystal like rocksalt by natural 
sedimentation of neutral atoms and the other when the new layer grows 
from solution by the process of electrolytic deposition of ions. 


In the first case neutral atoms are deposited on the cleavage face of 
an ionic crystal. Here, all the forces we considered in the evaporation of 
neutral atoms on the cleavage faces of ionic crystals, will be there. But 
in addition there will be the van der Waals attraction between the deposited 
neutral atom and the dipoles present in the solution. This external attrac- 
tion will reduce the attraction exerted by the particles in the substrate. Our 
modified equation will be 


TA + ACr aug — Brigua = RT, 


~—-—(1+5) +x 
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rua iS the same as the term r in the vapour state; 


Tuqua iS the average distance between the deposited atoms 
and the dipoles present in the solution 


B is a constant which depends on the polarisability of the 
deposited neutral atom and also on the dipole moment 
of the dipoles present in the solution; 


Now if we express rj... in terms of r,,,q (or r of vapour deposition 
equations) we can write 


= 
where A is a parameter. 


With this modification our energy equation becomes 
BA 
7A + ACr+(1 xe) = RT. 


This equation, except for the multiplying factor (1 — BA/AC), is similar 
to the equation we have solved in the vapour state. The term B (including 
the polarisability of the deposited atom and the dipole moment of the dipole 
in the solution) is now effective in addition to the term A (the area occupied 
by the atom in the plane of the deposit). Further if we compare the 
equations for the deposition in the vapour state with the deposition from 
solution, and if we also assume that the other terms in the equation remain 
almost unaltered, we get to the same approximation 


{1 _ : (misfit)? vapour deposition} is comparable with 


( 1— {1 (misfit)? solution deposition 


This indicates that other conditions being comparable, the misfit values 
of the growth, for vapour deposition can be greater than the misfit values 


of growth for solution deposition. This simple theory gives us the following 
results: 


(1) The epitaxial growth from the solution phase is essentially similar 
to that from the vapour phase, 
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(2) The epitaxial growth from the vapour phase is possible with larger 
misfit values than from the solution phase. 


(3) The polarisability of the deposited atom and the dipole moment 
of the dipoles in the solution can exert an appreciable influence on the 
epitaxial growth from the solution phase. 


These conclusions appear to agree reasonably well with all experimental 
observations. They are specially supported by the work of Schulz?® (1951) 
(Conclusion 1); of Royer’ (1928), Schulz?® (1952) and Sloat" and Menzies 
(Conclusion 2); and of Sloat’ and Menzies (Conclusion 3) respectively. 


In the other type of epitaxial growth we come across in the solution 
phase, the thin film is prepared by the process of electrolytic deposition. 
The substance on which the deposition takes place is a metal crystal. The 
charged ion moves towards it, under the applied electric field and is deposited 
on it. The force of attraction between the neutral surface atoms and the 
deposited ion will now vary inversely as the fifth power of the distance and 
the corresponding potential energy will vary inversely as the fourth power. 
Similar considerations will apply to the attractive forces between the ion 
and the dipoles in the solution. The energy equation in the present case 
will be 
TA + * — = RT 


TA + Karyna * — * = RT 


oA + Kyr4(1— S24) = RT 


where » is a parameter. . 


By comparison with the vapour phase equations it will be seen that 
the term r~* will vary as (1 + x/3)-? or as (1 — 4/3 misfit) to the same 
approximation. This will also lead to the same rule that under similar 
conditions the vapour phase epitaxial growth can tolerate a larger misfit 
than the electrolytic deposition epitaxial growth, the general mode of 
epitaxial growth continuing to be similar to that in the vapour phase. 
Lastly, in this case, the epitaxial growth is governed by the terms K, and 
K,, i.e., by the polarisability of the atoms in the substrate and the dipole 
moment of the molecules in the solution, 
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INTRODUCTION 


Most of the methods (Chipman, 1948) used for determining activities in 
solutions can also be used for determining the same in the alloys. The more 
significant methods are those involving measurement of vapour pressures 
of alloys and E.M.F.’s of suitable cells. Due to comparatively high vapour 
pressure of mercury the first method is specially well adopted to the study 
of amalgams. Other methods which are not so general are also often 
employed. Thus the activity of the volatile component when the second 
is non-volatile may be determined from the boiling point of the solution. 
The distribution method makes use of the fact that when a solute is dis- 
tributed between two immiscible solvents, the state of equilibrium at con- 
stant temperature is characterised by a constant ratio of the activity in one 


phase to that in the other. Activity can also be determined from studies of 
chemical equilibrium. 


Phase equilibrium data can be used for obtaining similar thermodynamic 
information (Rastogi and Rama Varma, 1956, 1957, 1958). Seltz has de- 
scribed a method for computing ideal solidus and liquidus curves for binary 
alloys exhibiting complete miscibility in solid and liquid phases (Seltz, 1934). 
This procedure was later on extended to regular solutions (Scatchard and 
Hamer, 1935). For such alloys Wagner has derived formule to calculate 
excess integral molar-free energies of the solid and the liquid phase from 
phase diagrams (Wagner, 1954). In spite of the value of phase diagrams, 
no efforts have been made to deduce thermodynamic properties for mix- 


tures which are non-ideal and non-regular, including unsymmetrical regular 
mixtures. 


In the present paper thermodynamic properties of nickel-manganese 
alloys are determined from phase diagram. The system is unsymmetrical 
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regular, i.e., the activity coefficients are unsymmetrical function of mole- 
fractions. 


EQUATIONS FOR THE SLOPES OF SOLIDUS AND LIQUIDUS CURVES 


It has been observed that in a large number of cases the excess thermo- 
dynamic functions can be expressed as power series in (x, — x,), (Scatchard, 
Ticknor, Goates and McCartney, 1952; Scatchard and Westlund, 1953) 
where x, and x, are the mole-fraction of component 1 and 2. Thus the 
heat of mixing is often given by an expression of the form 


HE = x,x,.[A + B(x, — x,) + C(x, — +...... ] (1) 


where A, B, and C are constants. This is so even in the case of metallic 
systems such as cadmium-magnesium alloys. By using the recent data 
(Trumbore, Wallace and Craig, 1952) we find that the excess chemical poten- 
tials (in cal./gm.-atom.) of the two components in the cadmium-magnesium 


‘alloys at 270°C. are approximately given by the following equations 
(1 = Mg, 2 = Cd): 


py” = x, [— 4501 + 77-8 (1 — 4x,) + 1053 (1 — 2x,) (1 — 6x4] 
PoE = x? [— 4501 + 77-8 (3 — 4x) + 1053 (1 — 2x,) (5 — 6x,)] (2) 
The heat of mixing (in cal./gm. — of the solid alloy at 270°C. is 
given by the equation 
HF = x,x, [— 7752 — 2278 — + 3930 (x, — (3) 


The constants A, B, C, etc., in equation (1) may depend upon ehinaiiiaiin 
In view of the uncertainties in the observed solid-liquid equilibrium data, 
it is rather difficult to determine their temperature dependence. Accordingly 
we shall assume in the present paper that these constants are independent 
of temperature. This has been found to be the case for Cd-Mg alloy and 
also for certain liquid alloys such as Bi-Pb, Cd-Pb and Pb-Sn. 


The equations for slopes are easily derived if we simply assume that 
the activity coefficients are given by 


RTiny, = x22 [A + — 4x, + — (1 — 6x))] 
RTiny, = x,2[A + BQ — 4x,) + — 2x,) (5 — (4) 


where the Gibbs-Duhem equation is satisfied automatically. For a system 
consisting of two components involving solid-liquid equilibrium, the change 
in temperature is related to the change in composition according to follow- 
ing equation (Rastogi, 1955): 
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— — 5,5) + x25 — 5,8)} dT 
— (s,! — 5,8) + (sq! — s,8)} dT 


where the superscripts s and / refer to the solid and liquid phase respectively 
and the subscripts 1 and 2 refer to the respective components. s represents 
the partial molar entropy and yp is the chemical potential which is given by 

Hi = wi? (T, P) + RTInxiy; (i = 1, 2) (7) 


Using equations (4) and (7), equations (5) and (6) yield for unsymmetrical 
regular mixtures 


and 


_ x5 Aghy® + A — + x,5N5] + + 
RT? (= QT (x,5x9! — x-8x,!) 


and 
or = x,! Ash? + x,! Ag + + x'NY x! (x25)? — x 2! (x,°)? N 
T 
RT? (5 — 2T (x,8x,! — x,8x,')P* 
where A;h® is the heat of fusion and 
M=A+4 B(l — 4x,) + — 2x,) (1 — 6x,) 
N =A+ B(3 — 4x,) + C(1 — 2x,) (5 — 6x,) 
P =A + 3B(1 — 2x,) + C(5 — 24x, + 24x,?) 
with the proper suffixes. 

Seltz’s procedure can be very conveniently used for testing the ideality 
of a system or predicting the ideal phase boundaries but sometimes it is not 
able to give us any idea of the magnitude of the deviations from ideality. 
By comparing the experimental slopes of the phase boundaries with those 
calculated by the equations (Rastogi, 1955) 

dx,' _ 45 Aghi? + x28 Agh,° 
RT* (= 
xy 


a x, 
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which hold for ideal solutions, it is possible to get an idea of these magnitudes. 
Thus, copper-nickel alloy which has frequently been cited as an example 
of ideal solid solutions (Prigogine and Defay, 1954) is found to be markedly 
non-ideal (Rama Varma, 1957). 


From the usual methods of thermodynamics (Prigogine and Defay, 
1954) we have, 
| 0 


.0 


where Ay C°,,; represents the difference in specific heats of the solid and the 
liquid phases of the pure component ‘i’; T;® is the melting point of the 
pure component ‘i’. From the above equation, the ratio of activity co- 
efficients corresponding to different compositions of the phases at the solidus 
or liquidus temperature can be calculated. It is not possible to determine 
the excess thermodynamic properties unless the dependence of the activity 


coefficients on temperature and composition is known. 


For non-ideal mixtures but conforming to unsymmetrical regular 
behaviour it is possible to evaluate the constants A, B and C by using 
equations (11). The values of the slopes can be calculated by using these 
constants and can be compared against the experimental values. This can 
afford to serve as a method for checking the internal consistency of the data. 
Once these constants are known, all the excess thermodynamic properties 
can be computed. 


In this paper we shall examine the phase equilibrium data for nickel- 
manganse alloys in order to compute heat of mixing for solid as well as 
liquid alloys. 

ANALYSIS OF PHASE DIAGRAMS OF NICKEL-MANGANESE ALLOYS 


For this system which shows a minimum, recently reliable data has 
been obtained by Hume-Rothery and Coles (Hume-Rothery and Coles, 
1951). Equations (11) when applied to the data give the following values 
(in cal./gm.-atom) for the constants: 

AS = — 14500; BS = — 3200; Cs = — 1300. 

A! = — 1500; B' = — 4300; Cc! = — 300. 
Using these constants the slopes can be calculated which can be compared 
with the observed values. This is done in Table I. 


For the sake of mere comparison, ideal slopes are also given, 
A3 
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TABLE I 


Nickel-manganese alloys 


1—Mn 2—Ni 
= 3560 cal./gm.-atom ; 


Ayghe® = 4302 cal./gm.-atom 


l 
°K. x, x 104 x 104 


Obs. Calc. Ideal Obs. Calc. Ideal 


0-055 


0-076 —10-0 


—10-0 —19-0 —12-0 —12:0 


0-102 


0-132 —10-0 —10-0 —24-5 —11-0 —11-0 —30'8 


0-152 


0-188 —10-0 


—10-5 


—10-0 —30-3 —12-0 —10-°5 


0-203 


0-242 —11-0 —37°3 —11-0 —11-0 


0-256 


0-300 —11-0 —11-0 —40-9 —12:0 —11-0 


0-317 0-358 —13-0 


—13-0 


—52-9 —12-0 


—13-0 


0-386 


0-422 


—14°5 —18-0 —70-1 —13-0 —17°5 


0-468 0-505 


—20-0 


—24-0 —76-0 —19-0 —23-0 


0-765 


0-728 +22-0 


+22-0 +52°5 


424-4 


+17-0 
+15-0 
+15-0 


+24-5 


0-856 0-806 +16-0 +13-0 


+17-0 


0-928 


0-882 +11-0 


+ 4-0 


+ 90 +13-2 +14°5 


0-976 0-955 


+ 8-0 


+ #3 +13-0 +15-0 


The constants A, B, etc., can depend upon temperature. However, for 
the sake of simplicity it is assumed that these are independent of temperature 
in the temperature range considered. This in effect means that the excess 
heat capacity of the alloys is zero. This result also follows from the empiri- 
cally observed rule of Kopp and Neumann according to which the specific 
heats of alloys are linear combination of the specific heats of the constituent 
metals. The relation is found to hold in alloys to within 5 or 10%. Devia- 
tions from this law are expected to occur at low temperatures. 


In the above 
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calculation it was not possible to take into account the temperature dependence 
of heats of fusion owing to the lack of heat capacity data for the two 
phases. 


As there is a maximum possible error of + 2% in reading the mole- 
fraction from the graphs it can be shown that there is maximum possible 
error of + 10% in the computed value of the constants and a maximum 
possible error of + 20% in the calculated values of the slopes. Hence the 
agreement between the calculated and observed values of the slopes should 
be considered as quite good if the percentage difference between them is 
within this amount. Table I clearly shows that barring the region near 
the melting point where the slightest error in the phase boundary is material, 
the agreement is satisfactory and points out the internal consistency of the 
data. 


The heat of mixing can be readily calculated and is given in Table II. 


TABLE II 


1=Mn 


2=Ni 


Solid phase Liquid phase 


H* H* 
(cal./gm.-atom) (cal./gm.-atom) 


0-1 — 1600-0 0-1 —1700-0 
—2800-0 
—3800-0 
—2000-0 
—1100-0 


—2700-0 
— 3600-0 
—2100-0 
—1150-0 


DISCUSSION 


From Table II, it is clear that the heat of mixing in the two phases 
for similar composition is the same. Similar behaviour is observed in 
mixtures of diphenylacetylene and trans-stilbene (Rastogi and Nigam, 
1958). In the present case the entropy of mixing would be ideal since the 
constants A, B and C are independent of temperature. Thus the distri- 
bution of nickel atoms in manganese or manganese atoms in nickel would 
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be perfectly random in both the phases. When an alloy is formed between 
two metals, the heat of formation will depend on: 


(i) The redistribution of valence electrons and the energy changes 
associated with it. 


(ii) The size of the constituent atoms and the resulting strain energy. 


(iii) The change in the interaction between the underlying filled shells 
of the electrons in the ion. 


(iv) Brillouin zone effect. 


Recently Varley has used a model for calculating heats of formation 
of concentrated solid solution which is hybrid between the quantum-mecha- 
nical approach of Sommerfeld and the wave-mechanical Cellular method 
of Weigner and Seitz (Varley, 1954). The theoretical treatment shows that 
the contribution of the first factor to heat of mixing is always negative or 
zero. The effect of second factor is always positive or zero. The influence 
of other factors on heat of mixing is not significant. 


In the present case the heat of mixing is found to be negative in both 
the phases which suggests that in nickel-manganese alloys, only the first 
factor predominates. The influence of the redistribution of valence elec- 
trons is likely to be the same in both the phases and hence the heat of mix- 
ing has got the same magnitude. 


Authors are thankful to the Council of Scientific and Industrial Research 
for supporting the investigation. 


SUMMARY 


Excess thermodynamic functions are computed from phase diagram 
of nickel-manganese alloys exhibiting complete miscibility in solid and 
liquid phases. A method is outlined for testing the internal consistency 
of the data. Heat of mixing of solid and liquid alloys is found to be similar. 
It is concluded that the redistribution of valence electrons in the alloy is 
responsible for negative heat of mixing. 
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1. 


INTRODUCTION 


WILsoN’s method! of evaluating the force constants of a polyatomic mole- 
cule requires the calculation of the elements of a potential energy matrix 
and a kinetic energy matrix. These, in turn, call for the construction of 
symmetry co-ordinates that are subject to the conditions of normalization, 


orthogonality and transformation according to the characters of the con- 
cerned vibration species. 


An X;Y, molecule possessing the bridge structure is represented in the 
figure where the molecular parameters are also indicated. 


= dp = ag ZY5X1Yo2 = Vie 
XaYs = dg LY = Bi = 
= Bo ZY 6X1Yo = Yoo 
XY; = D, = 0; ZY6XaYs = Ys3 
= D, = ZY6X2Y4 = Yaa 
XsYs = D, ZY5X2Ys = Yas 
X,X,=R 


= 


There are three symmetry axes (X, Y, Z) and three symmetry planes 
(cxy, Sxz, and oyz). The plane cyy contains the two X atoms and the two 
central Y atoms; the plane cxz contains the two X atoms and the four 
terminal Y atoms; the plane cyz passes through the two central Y atoms; 
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and it is perpendicular to the X-axis. Diborane has the above configura- 
tion and conforms to the symmetry D.,, as evidenced by the electron dif- 
fraction study of Hedberg and Schomaker.? It was on the basis of this 
structure that Bell and Longuet-Higgins® were able to interpret satisfactorily 
the Raman data for diborane provided by Anderson and Burg* and the 
infrared data for the same given by Stitt.5 Subsequent spectroscopic 
studies*!° have been based on this structure. Lord and Nielsen® have investi- 
gated the Raman and the infrared spectra of the diboranes B,'Hg and B,!°D, 
which form the basis of the present investigation. 


Symmetry considerations indicate that there are eighteen frequencies 
to be expected in this case. Leaving out the inactive frequency o; under 
A, type, the remaining 17 frequencies are distributed in the following way. 
They are 4(Ag), 2 (Big), 3 (Biu), 2 (Bog), 2 (Boy), 1(Bgg) and 3 (Bzy,). The 
selection rules are such that the Raman and the infrared frequencies are 
mutually exclusive in their activity. The nine Raman frequencies are in- 
cluded in the types Ag, Big, Bog and Bsg, whereas the infrared frequencies 
are involved in the types B,y, Boy, and B3,. Among the frequencies, o, is 
of special significance as it is attributed to the force between the two non- 
bonded boron atoms. oj) has been shown by Bell! to be an anharmonic 
frequency characterised by the fact that the potential energy is proportional 


to the fourth power of the displacement. It has not been found possible 
to form a symmetry co-ordinate valid for this vibration and, as such, it is 
not taken into account in the present investigation. 


2. SYMMETRY CO-ORDINATES 
Ag type: 
R, = (3) (Ad, + Ad, + Ads + Ad,) 
R, = (4) (AD, + AD, + AD, + AD,) 
= (Aa, + Aa, — AB, — AB 
+ Ayu + + Avar + 
+ Ayss + Aysa + Avas + Avaa) 
R,=AR 
Big type: 
= (4) (AD, — AD, +AD; — AD,) 
R, = (Ayn + Ariz — Ayer — Ares 
+ + — Avas — Avag) 
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type: 
Rg = (4) (Ad; — Ad, — Ads + Ady) 
Ry = (3)? (Ayn — Avie + Aver — Aver 
— + Avsa — AYas + Avaa) 
Bog type: 
Ru = G) (Ad, — Ad, + Ads — Ady) 
Rye = (Ayu — Avia + — 
+ Ayss — Aysa + Avas — 
Boy type: 
Rys = (4) (AD, — AD, — AD; + AD,) 
Rig = (Ayn + Avie — Aver — 
— — + AYas + AYaa) 
Bgg type: 
Ris = (4)? (Ayu — — + 
+ — Avsa — Avas + AYaa) 
type: 
Rig = (4) (Ad, + Ad, — Ads — Ady) 
Ry, = 4) (AD, + AD, — AD; — AD,) 
= (#3)? (Aa, — + AB: — ABs 
— Ayn — — — 
+ Ayss + Avsa + Avas + Avaa) 
3. F MATRIX 


The potential function postulated here for the bridged X,Y, molecule 
takes into account two stretching constants fg, f}, corresponding to terminal 
B-H bond and bridge B-H bond respectively, four bending constants, fg, 
fas fy and fy, fx the force constant relating to the force between the non- 
bonded X atoms, and sixteen interaction constants fog, faa, Sop» Sov» Son's 


fags Say Soy Sag, Sax py Sorp Suny and 


The following are the F matrix elements for the different species of 
vibrations, 


Ag type: 


Force Constants of Diboranes 


Fi, = Ay; = By; Fy,=E 


F,, = 2K; Fis = 0; 


Fa, 0; F4 = 0. 


Big type: 


Byy type: 


Bog type: 


Boy type: 


Bag type: 


type: 


where 


Fog = B,; Fy, = DdK,; Fe, = (2D4)' foy. 

Feg = Ag; Fog = DdKy; Fog = (2Dd)* fa,. 

= Aes Fiz, 12 = DdK,; Fu, 12 = (2Dd)* 
Fi3,13 = = DdKy; Fis, 14 = (2Dd)* 
Fy, 5 = DdK,. 

Fig = Faye = Fa 

Ai=fa + faa 

As = fa—faa 


B, +S op’ 

B, = +fon’ 

B, pp 

B,=fo+fpv —fov — fon’, 

C, = Df, + + 4DdK’ — 2Dd (4f py — 4fay + Sag) 
C, = Df, + dfg + 4DdK’ — 2Dd (4f py + 4fay — fap) 
E 
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=fy thay tha thay" 
K, =f, Sf — — 
K, = fy —S yy + 
Ks = fy — Say — Soa 
K =foa 

L, = 2(Dd)* fay — Hag 
= dfag — 2(Dd)* fay 
M,= + 2 (Dd)* 
M,= — 2 (Dd)* f py. 


4. G MATRIX 


Assuming unit vectors between atoms, the following G matrix elements 


are obtained, making use of the Wilson’s general expression Gj, = 2 bp 
Sy. 


Ag type: 


Gy = By + (1 + cos B) 


Goes = by (1 — COs a) + bx cos a) 


_ py 2(1 + cosa)—4cos?y cos y (1 — cos f) 
Ge = [1 + sin? y a, 


by 4 cos? y (1 — cos a) 
+ 1 + cosa + sin? 


+ 4 + hx [ «3 (1 + cos a) 


+ + cos 8) — 4 e,e, cosy 


(I + 608 a) + (1 + 008 8) + 005 7} 


(1 + cos a) — (1 + cos 


+ 2 cos y — 
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Gag = 2px 
Gy. = 2px COs y 


(5°) cos y — + cos 
+ 008 7 + + A)}] 


Gy = — 2ux cos 5 


=~ (lib) + 


+ cos a) — 2€, cos y 


+ {Ex (1 + cos a) + 


Go 2px cos 5 


Big type: 
Gee = Py (1 + cos a) + px (1 — cos a) 


1 — cos 
Gy = sin? y 2) 


+ (pete) (1 + cos B — cos? y (3 — cos a) 


4 2px€1? (1 — cos a) 
sin? y 


2? (1 — cos a) by COS 
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type: 
Gog = py + px (1 — cos f) 


Gop = + cos a — 2 cos? y) 


ya — cos B) 


sin? y 


= _ cos B) 


Bog type: 
Gy, = By + px (1 — cos 


+ (5 itt) a — cos f) 


sin? 


(1 — cos B) 
sin y 


Gu, = 


Boy type: 
Gys, 13 = (uy + px) (1 — cos a) 


Gigi = (9 (1 — cos a) 
(1 — cos a) 


23 
Gis, 14 = (nas) (1 — cos a) cos y 


(1 cos a) 


= 

- }(1 — cos 

| p) 

= (1 + cosa — 2cos? y 

d? sin? y 

/ 
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Bsg type: 
+53 


G45, 15 = sin? y 
Bsy, type: 
Gig, 16 = Hy + wx (1 + cos B) 


Giz, 17 = (uy + px) (1 + cos a) 


G _ by [1+ 2 (1+ cos a)— — 
ae sin? y sin B sin y 


4 cos y 


$a)? 
a sin y ) 


+ [1 — cosa — 
+ (4% 


+ 4e,¢,.008 y + (sar) (1 + cos a) 
+ (1 + cos B) + 4€,€, cos y } 


(1 + cos a) + + cos 
+ 2cos y + | 


Gye, 17 = 2px COs y 


Gis, 1s = — (53) [2 €, COS y + + cos f) 


{2&, cos y + + cos | 


— [¥v(l — cosa)) cosy) (1 + cosa) 
Gy, =| 37D iil sin y sin a | 


[ac + cos a) + cos y 


(525) {€1 (1 + cos a) + 2 & cos 
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where 
ae (1 — cos a) 
Dsina 
(1 — cos 
dsin 


Substitution of the appropriate factors leads to the different secular 
equations corresponding to the various species. They have been solved 
to obtain a set of force constants by the method of successive approximations. 


5. RESULTS AND DISCUSSION 
The molecular parameters used with respect to the two molecules are 
D=1-334A; d=1-187A; R=1-770A; 
Za = 97°; LB=121° 30’; Ly = 109° 54’. 


TABLE I 
Type Frequency B.D, 
(cm.-) 
A, O71 2524 1860 
C2 2104 1511 
C3 1180 929 
794 726 
B,, 1768 1273 
07 1035 870 
Bi, og 2612 1999 
og 950 705 
9 368 262 
B,, 2591 1980 
O12 920 740 
Boy 13 1915 1465 
O14 973 728 
Bs, 015 1015 730 
Bs, 2525 1845 
O17 1602 1205 


Org 1177 881 


t 
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All the above values excepting the value of the angle y are taken from 
the electron diffraction study of Hedberg and Schomaker. The angle y 
has been calculated from the geometry of the molecule. The observed Raman 
and infrared frequencies used here are given in Table I. 


The force constants of the two molecules B,"H, and B,D, obtained 
by solving the corresponding set of secular equations are given in Table II. 
The frequencies calculated making use of the force constants are in good 
agreement with the observed values. The values of the force constants 
obtained by Bell and Longuet-Higgins for B,Hg are also given in Table II 
for comparison with the present values. 


TABLE II 
Values obtained 
Force B,“H, B,D, by Bell and 
constant Longuet-Higgins 
for B.H, 

Sa 3-474 3-473 3-420 

fo 1-837 2-266 1-430 

2-910 3-153 2-210 

fa 0-219 0-219 0-059 

fe 0-350 0-350 0-243 

Sy 0-357 0-316 0-302 

—0-074 0002 

fop 0-152 —0-019 

foo’ 0-093 —0-024 

0-192 —0-092 

foa 0-200 0-200 

fag 0-008 0-008 

0-313 0-313 

tn 0-046 0-092 

re 0-104 0-193 

0-044 0-009 

Bus 0-053 0-057 

0-046 —0-034 

fe —0-051 —0-008 

It will be seen from Table II that a large number of force con- 
stants have been obtained for the two molecules B,“"H, and B,!°D,. The 
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B-H force constant corresponding to the terminal link, viz., fq and the same 
corresponding to the bridge link, viz., f, are significantly different from each 
other. This observation is in conformity with the one made earlier by 
Bell and Longuet-Higgins and this explains the peculiar structure of the 
molecules. The values of the stretching constants obtained from Badger’s 
empirical rule are fg = 3-008 and fp, = 1-865. Another interesting fact 
is that the force between the non-bonded boron atoms is of considerable 
value. Among the many interaction constants obtained here, fp, is found 
to be significant. It may be mentioned that an attempt to evaluate tf, 
from the frequencies of the B., species lead to a negative value of — 0-312 
for it, whereas Bell and Longuet-Higgins have assumed it to be zero. 


SUMMARY 


Wilson’s group theoretical method has been employed in the investi- 
gation of force constants of two molecules B,""Hg and B,'°Dg which possess 
the X.Y, bridge structure. Symmetry co-ordinates which are ortho- 
normalized and which satisfy the transformation properties have been 
constructed for the X,Y, molecules possessing the bridge structure and 
belonging to the symmetry D,,. The elements of the F and the G 
matrices have been worked out. The secular equations have been solved 
to obtain a large number of force constants. 
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1. INTRODUCTION 


BeLow 31-5°C. nickel sulphate crystallizes from solution as NiSO,.7H,O 
in the orthorhombic system. Above this temperature it occurs as crystals 
of NiSO,.6H,O of the tetragonal system and these crystals undergo a trans- 
formation to the monoclinic form at 53-3°C. A study of the Raman spectra 
of these different modifications is obviously of much interest. The Raman 
spectra of the tetragonal and the orthorhombic varieties of nickel sulphate 
were reported by the author in an earlier paper; but the results therein were 
not complete owing to the experimental difficulties met with in recording 
the spectra of these crystals which are efflorescent. With improved experi- 
mental techniques and by the use of larger crystals it has now been possible 
to obtain fuller information regarding the Raman spectra of nickel sulphate 
in the tetragonal, orthorhombic and the monoclinic forms. In addition to 
these results, the present paper reports the details of a study undertaken 
for the first time on the Raman spectrum of manganese sulphate tetrahydrate. 


2. EXPERIMENTAL DETAILS 


The crystals of NiSO,.7H,O, NiSO,.6H,O and MnSO,.4H,O were 
grown from aqueous solution by the method of slow evaporation at room 
temperature. The crystals of NiSO,.7H,O were in the form of elongated 
tablets upto 5cm. in length. The crystals of MnSO,.4H,O occurred as 
large thick rhombic tablets. Crystals of tetragonal NiSO,.6H,O upto a 
size of 2 cm. square were found to crystallize from solution during the course 
of particularly warm days of summer. Crystals of the monoclinic 
NiSO, .6H.O, however, could not be grown in sufficiently large sizes, although 
several attempts were made to grow them inside a thermostat at about 60° C. 
The small crystals grown at this temperature were confirmed to belong to 
the monoclinic variety from the biaxial figure of small axial angle expected 
to be exhibited by these crystals under the polarising microscope (Winchell, 
pp. 225), The tetragonal and orthorhombic crystals of nickel sulphate 


A4 355 


356 D. KRISHNAMURTI 


were easily identified as such from their external form and depth of colour, 
and the respective uniaxial and biaxial interference figures exhibited by them 
served to confirm their identification. The crystals of manganese sulphate 
were found to be biaxial. They were identified as MnSO,.4H,O belonging 
to the monoclinic system, in view of the close agreement of the observed 


specific gravity of 2-25 for these crystals with the value of 2-26 given by 
Winchell. 


The Raman spectra were recorded with a medium Hilger quartz spectro- 
graph and using the A 2536-5 resonance radiation of mercury for the excita- 
tion of the Raman effect. A large Littrow quartz spectrograph was also 
used to record the spectra in the case of NiSO,.6H,O and MnSO,.4H,0. 
Full details of the experimental set-up have appeared in an earlier paper 
by the author. All these crystals were efflorescent and were reduced to an 
opaque white mass after a short exposure to the heat of the quartz arc. This 
necessitated that the crystals be placed at a safe distance from the arc. In 
spite of this precaution the crystals deteriorated rapidly and fresh crystals 
had to be used frequently. In the case of NiSO,.7H,O this precaution was 
particularly necessary since after losing a single water molecule they were 
transformed into the more stable tetragonal NiSO,:6H,O. 


To record the spectrum of NiSO,.6H,O above the transformation point, 
a large tetragonal crystal was chosen and fixed in a brass rod, the lower end 
of which was immersed in a trough of boiling water and from which steam 
was rising continuously. Under these conditions the temperature in the 
neighbourhood of the crystal was about 60°C. It took about half an hour 
for the crystal to attain the steady temperature of 60° C. and in the process 
the clear tetragonal crystal was transformed into a translucent poly- 
crystalline mass of the monoclinic variety. Very intense spectra in this case 
could not be obtained since the parasitic illumination from the polycrystal 
set a limit to the useful exposure that could be given. While in the other 
cases exposures of the order of 36 hours were given to obtain intense records 
of the spectra, exposures of only eight hours could be given in this case. 


3. RESULTS AND DISCUSSION 


Figs. 2, 3, 4 and 5 in the accompanying Plate reproduce the spectra 
obtained with NiSO,.6H,O (tetragonal), NiSO,.6H,O (monoclinic), 
NiSO,.7H,O and MnSO,.4H,O respectively. Figs. 1 and 6 of the same 
Plate show the spectrum of the mercury arc for comparison. Figs. 1, 2, 3 
and 4 appearing in the text are the microphotometer records of the spectra 
with the frequency shifts indicated therein. Table I exhibits the frequency 
shifts observed in all the four cases. 
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Fic. 1. Microphotometer Record of the Raman Spectrum of NiSO,.6H,O (Tetragonal). 


The group of lines at about 620 cm.—! (v3) in the case of NiSO,.6H,O 
(tetragonal) and NiSO,.7H,O were observed as anti-Stokes shifts. On the 
Stokes side only the shifts 620, 620, 622 and 624 could be observed in the 
four cases. The other components could not be detected owing to the presence 
in this region of the strong mercury line A 2576-3 and its satellite A 2578-4. 


< 
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Fic. 2. Microphotometer Record of the Raman Spectrum of NiSO,-6H,O (Monoclinic). 
A5 
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Similarly the frequency shifts at about 185, 380 and 420 cm-> shown in 
Table I were discovered on the anti-Stokes side since on the Stokes side there 
appear at about these points the mercury lines A 2548-6, A2561-2 and 
2563:9. The frequency shift at 971 close to the intense line 987 
as well as those at 596 and 620 cm.-! in the case of NiSO,.6H,O were 
manifest in the spectra recorded by the Littrow spectrograph. 


MicrophotometerZRecor¢d of the Raman Spectrum of NiSO,-7H,O. 


Fic. 4. Microphotometer Record of the Raman Spectrum of MnSO,.4H,0. 
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TABLE I 
Frequency Shifts in cm. 


NiSO,.6H,O | NiSO,.6H,O NiSO,.7H,O | MnSO,.4H,O 
Tetragonal Monoclinic 
60 m. 
75 s. 69 s. 75 s. 71 m. 
95 w. 103 w. 88 m. 90 s. 
llls. lll s. 113 w. 
135 v.w. 131 w. 137 s. 
Lattice 165 s. 163 m. 152 156 w. 
Oscillations 178 v.w. 184 w. 
209 v.s. 207 s. 203 s. 
239 s. 236 m. 233 w. 220 m. 
265 s. 250 s. 251 v.s. 266 w.d. 
287 v.w. 320 w.d. 
374 m. 397 m. 402 m. 
422 m. 419 w. 
"2 436 s. 439 m. 442 s. 458 m. 
466 s. 472 s. 463 s. 475 s. 
596 m. 612s. 
Vg 620 s. 620 m. 622 w. 624 m. 
639 s. 642 m. 
971 Ww. 
987 v.s. 984 v.s. 985 v.s. 992 v.s. 
1050 v.w. 1057 s. 1077 s. 
M4 1088 s. 1086 m. 1095 m. 1104 m. 
1131 m. 1148 s. 1139 m. 1144 s. 
1158 w. 1176 w. 
3250 s. 3266 m. 
Water 3302 s. 3322 m. 
Bands 3403 v.s. 3417 v.s. 3422 v.s. 
3441 v.s. 3437 v.s. 3475 s. 
3523 m. 3532 w. 3542 _m. 


s. = Strong; w. = Weak; v.s. = Very Strong; v.w. = Very Weak; m.= Medium; 
d. = Diffuse. 


The observed frequency shifts may readily be seen to fall distinctively 
into six classes. The frequency shifts upto 320cm.- in Table I, all arise 
due to the rotational and translational oscillations against each other of 
the ions and water molecules constituting the unit cell of the crystal structure, 
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Beyond this region we have specific groups of frequency shifts centred at 
450, 620, 980 and 1100cm.-! and which frequency shifts correspond res- 
pectively to the (1) doubly degenerate, (2) triply degenerate, (3) totally 
symmetric and (4) triply degenerate normal modes of vibration of the free 
SO, ion. Lastly we have the broad and diffuse bands characteristic of the 
water, in the region of frequencies 3200 to 3600 cm.-! 


In addition to these general features the spectra of the four crystals 
exhibit several special characteristics of interest. It may be noticed from 
Table I that in the lattice frequency region striking correspondences exist 
between the numerical values of the observed frequency shifts. However, 
an examination of Plate XXX reveals at once that such agreement is not 
always found to be present with regard to the intensities of the corres- 
ponding lines. It may be noticed in particular that the intense frequency 
shift at 209 cm.-' observed in the tetragonal form of NiSO,.6H,O is totally 
absent in the case of the monoclinic form. In addition, the lattice spectrum in 
the latter case is smeared out into a diffuse band of illumination with a few 
definite frequency shifts. Another feature of interest is with regard to the 
varying multiplicity and relative intensity of the frequency shifts of the SO, 
ions in the different crystals. We shall here seek to explain these features 
in the light of our knowledge of the crystal structures of these substances. 


(1) NiSO,.6H,O (tetragonal). The crystal structure of NiSO,.6H,O 
at ordinary temperatures has been determined by Beevers and Lipson (1932) 
and assigned to the space-group P4,2,2 (D,‘) of the enantiomorphous 
hemihedral class of the tetragonal system, with four molecules in the unit 
cell. The nickel and sulphur atoms occupy the special positions of the sym- 
metry of a two-fold axis of rotation. All the other atoms occupy general 
positions and the six water molecules are octahedrally co-ordinated around 
the nickel atom. The normal modes of vibration of the system belonging 
to the symmetry D, fall into five representations A,, A», B,, B, and E, A, 
being Raman inactive, and A,, B, and B, being infra-red inactive. A study 


of the infra-red absorption of these crystals would be of ae in assigning 
the frequencies to the different classes. 


Since the local symmetry of the SO, ion is only C, in the crystalline state, 
the degeneracies are removed and nine frequencies in all (to a first approxima- 
tion) should manifest themselves in the spectrum. But, owing to the fact 
that there are four molecules in the unit cell, the number of components is 
further increased. Group-theoretical analysis shows that in this case the 


total number of components is twenty-seven, of which twenty-two should be 
observed in the Raman effect. 


In all, the spectrum exhibits twelve compo- 


t 
1 


The Raman Spectra of Crystalline Sulphates of Ni and Mn 361 


nents, some of which are rather broad. The fact of some of the components 
being too weak, or of their overlapping with each other, might account for 
the reduced number of observed components. Two broad and weak band: 
at about 747 and 790 cm.— are also observed in the spectrum. Their origin 
is however not quite clear. 


(2) NiSO,.7H,O (orthorhombic). NiSO,.7H,O had been found to belong 
to the space-group P2,2,2, (D,") of the enantiomorphous hemihedral class of 
the orthorhombic system (Beevers and Schwartz, 1935). All atoms are 
situated in general positions and the structure is similar to that of the tetra- 
gonal hexahydrate with four molecules in the unit cell and with six of the 
water molecules co-ordinated octahedrally around the nickel atom and the 
seventh water molecule occupying an interstitial position filling what would 
otherwise be a hole in the structure. Considerations similar to those put 
forward in the previous case indicate that due to the internal vibrations of 
the four SO, ions in the unit cell thirty-six components should appear in the 
Raman effect and twenty-seven in the infra-red. However, apparently for the 
reasons advanced already, only twelve components—some of which are rather 
broad—are observed. 


The general similarity of the lattice spectrum of NiSO,.7H,O (ortho- 
rhombic) with that of NiSO,.6H,O (tetragonal) has its origin in the simi- 
larity of the crystal architecture in these two cases. The intensities of the 
lines, however, do not correspond, as is naturally to be expected from the 
fact of the crystals belonging to two different symmetry classes. 


(3) NiSO,.6H,O (monoclinic). Apart from the fact that the crystals 
of NiSO,.6H,O above 53-3° C. belong to the monoclinic system and exhibit 
a small optic axial angle of 19° 25’, no data regarding its crystal structure 
are to be found in the literature. In view of the small optic axial angle 
observed, it is probable that the monoclinic form of the crystal above 53-3° C. 
is derived from a distortion of the tetragonal structure observed at ordinary 
temperatures. In this case seven components corresponding to the internal 
frequencies of the SO, ion are observed. The fact of the doubly degenerate 
mode of the free ion manifesting itself as three distinct components in the 
spectrum of the crystal indicates that there are at least two, or more than 
two molecules in the unit cell of the crystal. 


Crystals of MgSO,.6H,O exhibit optical characters similar to those 
of NiSO,.6H,O (monoclinic) (vide Winchell, pp. 225 and 231). In addition, 
the values of the angle 8 are in good agreement, being respectively 81° 26’ 
and 81° 43’. The structure of MgSO,.6H,O has been found to belong to the 
space-group C2/c (C,n°) of the monoclinic system and with eight molecules 
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in the unit cell (Wyckoff, 1951). The modes of vibration of a system 
belonging to the group C,, fallinto four groups, of which only two groups 
of symmetric vibrations are Raman active, the other two groups of anti- 
symmetric vibrations being Raman inactive. If it could be assumed as stated 
by Sidgwick (1950) that the structure of NiSO,.6H,O (monoclinic) is iso- 
morphous with the above MgSO,.6H,O, we can account for the fact of some 
of the frequencies like the 209 cm.-! observed in the tetragonal form being 
totally absent in the monoclinic form. A correspondence could then exist 
between the vibrations of these two systems and one set of modes present 
in the tetragonal form would vanish in the monoclinic form. In this respect 
the numerical agreements between some of the frequencies of the tetragonal 
form and those of the monoclinic form are also noteworthy. The diffuse 
nature of the lattice spectrum may have its origin in that the spectram was 
recorded at a temperature of 60° C. which is quite close to the transformation 
temperature of 53-3°C. 


(4) MnSO,.4H,O. No data regarding the crystal structure of 
MnSO,.4H,O are available and only its optical characters are known. 
From the optical data these crystals are known to belong to the monoclinic 
system. In the case of MnSO,.4H,0 eight frequency shifts due to the internal 
vibrations of the SO, ions are observed. In particular, the triply degenerate 
mode, corresponding to the free ion, manifests itself in the crystalline state 
as four distinct components, thereby indicating that there is more than one 
molecule in the unit cell of the crystal structure. The lattice spectrum of 
MnSO,.4H,0O exhibits close similarities with those observed for NiSO,.6H,O 
(tetragonal) and NiSO,.7H,O. The atomic weights of nickel and manga- 
nese are not very different (being 58-69 and 54-93 respectively) and hence 
those normal modes which are essentially similar with regard to their rota- 
tional or translational characters in the case of these crystals would have 
nearly equal frequencies. Another noteworthy feature is the comparatively 
sharp water bands exhibited by MnSO,.4H,O unlike those observed in the 
other cases. The fewer number of water molecules in this case may be the 
reason for this feature. However, it is not directly possible to correlate the 
differences observed (in the four cases) with regard to the water bands. 


Lakshman Rao (1942) reports for the Raman spectrum of MnSO,.7H,O 
seven lines at 330, 457, 603, 693, 994, 1085 and 1148 cm. and two bands 
due to the water of crystallisation at 3399 and 3467 cm.-!_ It may be noticed 
that the frequencies reported by him and those emerging from this study 
are not in agreement. In particular, the present study does not reveal the 
existence of lines at 330 and 693 cm, even though it is perfectly possible for 
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them to be recorded and observed if present. Lakshman Rao also states 
that the crystallisations were carried out at about 27°C. It appears that the 
crystals used by Lakshman Rao were not MnSO,.7H,O since MnSO,.7H,O 
is stable only upto 6°C. They could not have been MnSO,.4H,O for 
reasons of disagreement of his results with those of the present study. MnSO, 
is known to crystallize with five molecules of water of crystallisation between 
6° and 20°C. It is quite probable that his results refer to MnSO,.5H,O. 
Apart from the few infra-red frequencies at 635, 1111, 1116, 2940, 3030 and 
3125 cm.-! reported by Schaefer and Schubert (1916) from studies on infra-red 
reflection by NiSO,.6H,O (tetragonal) no data are available regarding the 
infra-red spectra of these crystals for correlation with the Raman frequencies. 


In conclusion, the author expresses his sincere thanks to Prof. Sir C. V. 
Raman, F.R.S., N.L., for his kind interest in this investigation. 


SUMMARY 


The paper reports the results of investigations on the Raman spectra 
of NiSO,.6H,O (tetragonal and monoclinic forms), NiSO,.7H,O (ortho- 
rhombic) and MnSO,.4H,O (monoclinic). Using A2536-5 resonance 
radiation of mercury for excitation of the Raman effect, it has been possible 
to observe a large number of frequency shifts. The spectra exhibit striking 
differences between themselves and also a few characters of general similarity. 
These are largely explicable in terms of the crystal symmetry and structure 
of these substances. In all the cases studied, the internal frequencies of the 
sulphate ion exhibit multiplicities owing to the lowering of the symmetry of 
the SO, ion in the crystalline state and due to the number of ions present 
in the unit cell. 
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